Abstract-Plasma electron excitation of the 6s2S112 -6p2P resonance transitions for the singly charged barium ion is proposed as an optical diagnostic for plasmas of thermonuclear interest. Spatial information arises from the intersection of a barium ion beam and the viewing optics. Measurement of relative intensity during a scan of beam and/or optics provides information for electron density and temperature profi'les.
I. INTRODUCTION THE combination of ion beam probing and spectroscopy provides a means of determining the spatial dependences of certain plasma parameters inaccessible to either beams or Manuscript received March 9, 1979 ; revised April 23, 1979 optical methods alone and a unique way to corroborate measurements of other parameters. The key to this technique is the well-known excitation of beam ions by plasma electrons. Spectral analysis of beam emission light reveals the usual plasma variables derivable from line profiles and intensities, while the use of focusing optics provides the spatial resolution of this light (see Fig. 1 ). Hence, as a function of position in the plasma, the plasma physicist may determine the magnetic field, beta (,B = 8irI2nkT/B2), and, if the electron temperature is known, the electron density or vice versa. Similar techniques have been employed using neutral beams [1] , [2] . The plasma most amenable to this analysis is an optically thin steady-state plasma with Te equal to a few hundred electronvolts. For purposes of discussion, ELMO Bumpy Torus Scale (EBT-S) is the experiment to be diagnosed. EBT-S [3] is a torus with 24 coils and several tens of kilowatts ofmicrowave power for plasma heating. Between each pair of coils is a "canted mirror" plasma [4] with loss cone particles forming a bulk toroidal core density of a few times 1012 cm-3 and 0093-3813/79/0900-0147$00.75 O 1979 IEEE electron temperature of a few hundred electronvolts. Superimposed on this is a mirror-confined hot electron annulus of roughly one tenth the density and Te > 100 keV. The midplane magnetic field profile peaks at 7 kG and is expected to have local minima at the position of the annulus (r -10 cm).
An (3) where Vb is beam velocity, Qin (r) is the ionization rate coefficent, s is path length into the plasma, and cx(r) is the ionization mean free path.
Qex is defimed [61 for a Maxwellian electron distribution as Qex = 1.6 X 10-S gf exp (-Ex/Te) Ex fTe (4) where g is the Gaunt factor, f is the oscillator strength, and E, is the excitation energy in electronvolts. Te is also expressed in electronvolts. For the expected values of Te, Ex/Te is of order 10-2 and the Gaunt factor is about one, so Qex t 1.6 X 10-5 f/E 1/-Te. (6) (7) where M is the ion mass, A is the beam cross-sectional area, and e is the ion charge. Since Fig. 2(a) (14) where Ts is source temperature in kelvin andu = 138 for barium.
Beam divergence, which includes source temperature effects as well as space charge effects, yields a broadening derived from (l1) and (13):
AX=-Vb sin aAa. (15) A spread in beam potential Aq from power supply ripple shows up as AX=-e/2M cos aA AO. However, there are additional constraints. One is the Stark effect, which depends on local microfields and must be tolerated. As density increases, so does the Stark broadening so that a limit exists for the density range in which this measurement is possible. One way of estimating electric field broadening is based on Griem's high temperature approximation [7] .
A second is based on calculations for broadening of the same transition in neutral cesium [8] , which is in the barium ion isoelectronic series. Since the barium ion has a stronger nuclear electric attraction for the excited electron, the microfield effect should be less for it than for cesium. Both estimates indicate less than 0.001 A Stark broadening for the case considered here; therefore it is neglected in what follows.
Another constraint is hyperfine structure from barium isotopes. Odd isotopes, having nonzero nuclear spin, are separated by 0.04 A from even isotopes [9] . Therefore, 138Ba is recommended. Fortunately, it is readily available and relatively inexpensive.
A last difficulty is plasma light within the band pass of the detector. Molecular hydrogen at the boundary of many plasmas has an emission line at 4934 A. Beam chopping techniques would then be required unless signal-to-noise ratios are large.
III. APPLICATIONS Consider now the application of these diagnostic phenomena to the EBT-S plasma. Table I lists anticipated typical parameters for the bulk toroidal plasma and the electron annuli. Profiles of magnetic field, toroidal beta, and annulus beta shown in Fig. 3 are calculated from theoretical ne and Te profiles [10] .
A 40-kV 10-,A beam of 138Ba+' is chosen with a nominal cross-sectional area of 1 cm2. In EBT-S, the radius of curvature of such a beam is large compared to the plasma diameter (20 cm) . Knowledge of the ionization mean free path (20 cm for these plasma conditions) allows an estimate of beam attenua- [2] , ORMAK [3] , TFR [41, and DITE [5] , has demonstrated the classical nature of the capture of injected fast neutral particles and the subsequent confinement and thermalization of the resultant fast ions. More recently, the success of massive injection experiments into PLT [6] has extended the aforementioned classical phenomena to the regimes of high temperature Ti (0) = 5.5 keV, and nearcollisionless transport. Injection into a noncircular device such as Doublet III, at General Atomic Company, introduces peculiar orbit characteristics which will be discussed here. In this context there are a number of questions which must be resolved before the consequences of neutral injection can be determined; in particular, attention must first be focused on the confinement of the fast ions produced via stripping and charge exchange of the injected particles. The geometrical confinement of such ions is determined through knowledge of their drift orbits. From these orbits and beam attenuation profiles, the loss of ions created on unconfined orbits can be determined. In our studies the drift orbits have been calculated for particles characteristic of each of the three beam components (i.e., ions with energies E, E/2, and E/3) and for various angles of injection. Due to the opacity of the anticipated high density plasma (nominal peak plasma density of approximately 4 X 1014 cm-3) to incident energetic neutral particles, a nearly perpendicular 80-keV injection scheme can be shown to be most suitable for application to the Doublet III device.
A'schematic diagram of the Doublet III neutral beam injection system [7] , designed to deliver 3.6 MW of total neutral power to the plasma, is shown in Fig. 1 
